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Abstract—This article investigates signal estimation in wireless
transmission (i.e., receive combining) from the perspective of
statistical machine learning, where the transmit signals may be
from an integrated sensing and communication system; that is,
1) signals may be not only discrete constellation points but also
arbitrary complex values; 2) signals may be spatially correlated.
Particular attention is paid to handling various uncertainties
such as the uncertainty of the transmit signal covariance, the
uncertainty of the channel matrix, the uncertainty of the channel
noise covariance, the existence of channel impulse noises, the non-
ideality of the power amplifiers, and the limited sample size of
pilots. To proceed, a distributionally robust receive combining
framework that is insensitive to the above uncertainties is
proposed, which reveals that channel estimation is not a necessary
operation. For optimal linear estimation, the proposed framework
includes several existing combiners as special cases such as diag-
onal loading and eigenvalue thresholding. For optimal nonlinear
estimation, estimators are limited in reproducing kernel Hilbert
spaces and neural network function spaces, and corresponding
uncertainty-aware solutions (e.g., kernelized diagonal loading)
are derived. In addition, we prove that the ridge and kernel
ridge regression methods in machine learning are distributionally
robust against diagonal perturbation in feature covariance.

Index Terms—Wireless Transmission, Smart Antenna, Ma-
chine Learning, Robust Estimation, Robust Combining, Distri-
butional Uncertainty, Channel Uncertainty, Limited Pilot.

I. INTRODUCTION

N wireless transmission, detection and estimation of trans-

mitted signals is of high importance, and combining at
array receivers serves as a key signal-processing technique to
suppress interference and environmental noises. The earliest
beamforming solutions rely on the use of phase shifters (e.g.,
phased arrays) to steer and shape wave lobes, while advanced
combining methods allow the employment of digital signal
processing units, which introduce additional structural freedom
(e.g., fully digital, hybrid, nonlinear, wideband) in combiner
design and significant performance improvement in signal
recovery [1]]-[3]].

In traditional communication systems, transmitted signals
are discrete points from constellations. Therefore, signal re-
covery, commonly referred to as signal detection, can be cast
into a classification problem from the perspective of statistical
machine learning, and the number of candidate classes is
determined by the number of points in the employed constel-
lation. Research in this stream includes, e.g., [4]-[9] as well
as references therein, and the performance measure for signal
detection is usually the misclassification rate (i.e., symbol error
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rate); representative algorithms encompass the maximum like-
lihood detector, the sphere decoding, etc. In another research
stream, the signal recovery performance is evaluated using
mean-squared errors (cf., signal-to-interference-plus-noise ra-
tio), and the resultant signal recovery problem is commonly
known as signal estimation, which can be considered as a
regression problem from the perspective of statistical machine
learning. By comparing the estimated symbols with the con-
stellation points afterward, the detection of discrete symbols
can be realized. For this case, till now, typical combining solu-
tions include zero-forcing receivers, Wiener receivers (i.e., lin-
ear minimum mean-squared error receivers), Capon receivers
(i.e., minimum variance distortionless response receivers), and
nonlinear receivers such as neural-network receivers [[10]—[12]].
On the basis of these canonical approaches, variants such
as robust beamformers working against the limited size of
pilot samples and the uncertainty in steering vectors [[13[—
[18] have also been intensively reported; among these robust
solutions, the diagonal loading method [19]], [14, Eq. (11)]
and the eigenvalue thresholding method [20]], [14, Eq. (12)]
are popular due to their excellent balance between practical
performance and technical simplicity.

Different from traditional paradigms, in emerging commu-
nication systems, e.g., integrated sensing and communication
(ISAC) systems, transmitted signals may be arbitrary complex
values and spatially correlated [21]]-[23]. As a result, mean-
squared error is a preferred performance measure to investigate
the receive combining and estimation problem of wireless
signals, which is, therefore, the focus of this article.

Although a large body of problems have been attacked in the
area, the following signal-processing problems of combining
and estimation in wireless transmission remain unsolved.

1) What is the relation between the signal-model-based
approaches (e.g., Wiener and Capon receivers) and the
data-driven approaches (e.g., deep-learning receivers)? In
other words, how can we build a mathematically unified
modeling framework to interpret all the existing digital
receive combiners?

2) In addition to the limited pilot size and the uncertainty
in steering vectors, there exist other uncertainties in
the signal model: the uncertainty of the transmit signal
covariance, the uncertainty of the communication channel
matrix, the uncertainty of the channel noise covariance,
the presence of channel impulse noises (i.e., outliers), and
the non-ideality of the power amplifiers. Therefore, how
can we handle all these types of uncertainties in a unified
solution framework?

3) Existing literature mainly studied the robustness theory
of linear beamformers against limited pilot size and the
uncertainty in steering vectors [13]]-[18]]. However, how
can we develop the theory of robust nonlinear combiners
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against all the aforementioned uncertainties?

To this end, this article designs a unified modeling and
solution framework for receive combining of wireless signals,
in consideration of the scarcity of the pilot data and the
different uncertainties in the signal model.

A. Contributions

The contributions of this article can be summarized from the
aspects of machine learning theory and wireless transmission
theory.

In terms of machine learning theory, we give a justification
of the popular ridge regression and kernel ridge regression
(i.e., quadratic loss function plus squared-F'-norm regulariza-
tion) from the perspective of distributional robustness against
diagonal perturbation in feature covariance, which enriches the
theory of trustworthy machine learning; see Theorems 2] and
[B as well as Corollaries [3] and [5}

In terms of wireless transmission theory, the contributions
are outlined below.

1) We build a fundamentally theoretical framework for re-
ceive combining from the perspective of statistical ma-
chine learning. In addition to the linear estimation meth-
ods, nonlinear approaches (i.e., nonlinear combining) are
also discussed in reproducing kernel Hilbert spaces and
neural network function spaces. In particular, we reveal
that channel estimation is not a necessary operation in
receive combining. For details, see Subsection

2) The presented framework is particularly developed from
the perspective of distributional robustness which can
therefore combat the limited size of pilot data and several
types of uncertainties in the wireless signal model such
as the uncertainty in the transmit power matrix, the
uncertainty in the communication channel matrix, the
existence of channel impulse noises (i.e., outliers), the
uncertainty in the covariance matrix of channel noises,
the non-ideality of the power amplifiers, etc. For details,
see Subsection [[II-B} and the technical developments in
Sections [[V] and V1

3) Existing methods such as diagonal loading and eigen-
value thresholding are proven to be distributionally robust
against the limited pilot size and all the aforementioned
uncertainties in the wireless signal model. Extensions of
diagonal loading and eigenvalue thresholding are pro-
posed as well. Moreover, the kernelized diagonal loading
and the kernelized eigenvalue thresholding methods are
put forward for nonlinear estimation cases. For details,
see Corollary [T} Examples[d]and[5] and Subsections

4) The distributionally robust receive combining and sig-
nal estimation problems across multiple frames, where
channel conditions may change, are also investigated. For

details, see Subsections and

B. Notations

The N-dimensional real (coordinate) space and complex
(coordinate) space are denoted as RY and CV, respectively.
Lowercase symbols (e.g., ) denote vectors (column by de-
fault) and uppercase ones (e.g., X) denote matrices. We use

the Roman font for random quantities (e.g., x, X) and the italic
font for deterministic quantities (e.g., ¢, X). Let Re X be the
real part of a complex quantity X (a vector or matrix) and
Im X be the imaginary part of X. For a vector = € CV, let

x::|:RC.’B :| €R2N

Imx
be the real-space representation of z; for a matrix H €
CNXM et

H— Re H | ReH —-ImH
=" | ImH |’ =" | ImH ReH
be the real-space representations of H where H ¢ R?VxM

and H € R?N*2M  The running index set induced by an
integer N is defined as [N] = {1,2,...,N}. To concate-
nate matrices and vectors, MATLAB notations are used: i.e.,
[A, B] for row stacking and [A; B] for column stacking.
We let Ty = [Ty, Jy] € CM*2M where I, denotes
the M-dimensional identity matrix, Js = 7 - Ip;, and
j denotes the imaginary unit. Let A(p,3) denote a real
Gaussian distribution with mean g and covariance 3. We use
CN (s, P,C) to denote a complex Gaussian distribution with
mean s, covariance P, and pseudo-covariance C; if C' is not
specified, we imply C' = 0.

II. PRELIMINARIES

We review two popular structured representation methods
of nonlinear functions ¢ : RV — RM. More details can be
seen in Appendix

A. Reproducing Kernel Hilbert Spaces

A reproducing kernel Hilbert space (RKHS) A induced by
the kernel function ker : RN x RY — R and a collection of
points {1, xs,...,xr} C RV is a set of functions from RV
to R; L may be infinite. Every function ¢ : RY — R in the
functional space # can be represented by a linear combination
[24, p. 539; Chap. 14]

L
o(x) = Zwi -ker(z, z;), Vo € RY (D

i=1
where {w; };¢[z) are the combination weights; w; € R for every
i € [L]. The matrix form of (I for M-multiple functions are

2 :
) =| | =Wee@=| T | ele), @
dum () W

where wi,ws,...,wyr € RY are weight row-vectors for
functions ¢1(x), p2(x),. .., dr(x), respectively, and

w1 ker(x, 1)
wo ML ker(x, x2)

W = eRM*E p(x) = : -3
Wi ker(x, )

Since a kernel function is pre-designed (i.e., fixed) for an
RKHS *H, suggests a W-linear representation of x-
nonlinear functions ¢(x) in HM. Note that there exists a
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one-to-one correspondence between ¢ and W: for every
¢ : RN — RM | there exists a W € RM*L and vice versa.

B. Neural Networks

Neural networks (NN) are another powerful tool to represent
(i.e., approximate) nonlinear functions. A neural network func-
tion space (NNFS) KC characterizes (or parameterizes) a set of
multi-input multi-output functions. Typical choices are multi-
layer feed-forward neural networks, recurrent neural networks,
etc. For combining and estimation of wireless signals, the
multi-layer feed-forward neural networks are standard [10]-
[12]]. Suppose that we have R — 1 hidden layers (so in total
R + 1 layers including one input layer and one output layer)
and each layer » = 0,1,..., R contains 7, neurons. To
represent a function ¢ : RV — RM | for the input layer r = 0
and output layer r = R, we have Ty = N and T = M,
respectively. Let the output of the 7" layer be y, € R”". For
every layer r, we have y, = o,.(W? - y,_1 + b,.) where
We € RT-*Tr—1 js the weight matrix, b, € RT" is the
bias vector, and the multi-output function o, is the activation
function which is entry-wise identical. Hence, every function
¢ : RY — RM in a NNFS can be recursively expressed as
[25, Chap. 5], [26]

d(x) =or(Wr:[yr-1(z); 1])
yr(m) - UT‘(WT : [yrfl(w); 1])7
Yolz) =,

where W, := [W?, b,] for r € [R]. Note that the activation

T

functions can vary from one layer to another.

re[R-1 @)

III. PROBLEM FORMULATION

Consider a narrow-band wireless signal transmission model
x=Hs+v 5)

where x € CV is the received signal, s € CM is the transmit-
ted signal, H € CN*M ig the channel matrix, and v € CV
is the zero-mean channel noise. The precoding operation (if
exists) is integrated in H. The transmitted symbols s have
zero means, which may be not only discrete symbols from
constellations such as quadrature amplitude modulation but
also arbitrary values such as integrated sensing and commu-
nication signals. We consider L pilots S = (s1,S2,...,S1)
in each frame, and the corresponding received symbols are
X = (x1,Xa2,...,xy) under the noise (vi,va,...,vy). We
suppose that R, := Ess™ and R, = Evv' may not be
identity or diagonal matrices: i.e., the components of s can be
correlated (e.g., in ISAC), so can be these of v. Consider the
real-space representation of the signal model (B) by stacking
the real and imaginary components:

x=H-s+v, (6)

where x € RN, H € R2NX2M g ¢ R2M apnd v € RV,
The expressions of R, = Exx", R, := Ess', R, = Exs',
and R, = Evv' can be readily obtained; see Appendix [B| In
some cases, signal estimation in real spaces can be technically
simpler than that in complex spaces.

A. Optimal Estimation

1) Optimal Nonlinear Estimation (Receive Combining):
To recover s using x, we consider an estimator § = ¢(x),
called a receive combiner, at the receiver where ¢ : (@FAREN
CM is a Borel-measurable function. Note that ¢(x) may be
nonlinear in general because the joint distribution of (x,s) is
not necessarily Gaussian, for example, when the channel noise
v is non-Gaussian or when the power amplifiers work in non-
linear regions. The signal estimation problem at the receiver
can be written as a statistical machine-learning problem under
the joint data distribution Py ¢ of (x,s), that is,

T Exslp(x) - sllp(x) — s, (7)

min
PEBN oM
where Benv_,cv contains all Borel-measurable estimators
from CV to CM. In what follows, we omit the notational
dependence on CV and CM, and use B as a shorthand. The
optimal estimator, in the sense of minimum mean-squared
error, is known as the conditional mean of s given x, i.e.,

§ = (x) = E(slx). ®)

Usually, it is computationally complicated to find the optimal
¢(-) from the whole space B of Borel-measurable functions,
that is, to compute the conditional mean. Therefore, in prac-
tice, we may find the optimal approximation of ¢(-) in an
RKHS H or a NNFS /C; note that H and /C are two subspaces
of B. However, both H and KC are sufficiently rich because they
can be dense in the space of all continuous bounded functions.

2) Optimal Linear Estimation (Receive Beamforming): If
x and s are jointly Gaussian (e.g., when s and v are jointly
Gaussian), the optimal estimator ¢ is linear in x:

§=Wx, 9)

where W € CM*N s called a receive beamformer or a linear
receive combiner. In this linear case, reduces to the usual
Wiener—Hopf beamforming problem

min Tr Exs[Wx —s][Wx — s, (10)
that is,
min Tr [WR,W" - WR,, - RI,W" + R.], (1)

where R, = Exx" € CN*N and R, := Exs € CN*xM,
Since R, = HR,H" + R, and R,, = HR, + EvsH =
HR,, the solution of (TI), or (I0), is

* _ H —1
- stRz

Wiener
— R.HVHR,H" + R, 12

which is known as the Wiener beamformer. With an additional
constraint WH = I,; (i.e., distortionless response),
gives the Capon beamformer. Both the Wiener beamformer
and the Capon beamformer maximize the output signal-to—
interference-plus-noise ratio (SINR); hence, both are optimal
in the sense of maximum output SINR.

No matter whether Py ¢ is Gaussian or not, or
identifies the optimal linear estimator in the sense of mini-
mum mean-squared error among all linear estimators.
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3) Role of Channel Estimation: Egs. and (I0) imply
that channel estimation is not a necessary step in receive
combining. The only necessary element, from the perspective
of statistical machine learning, is the joint distribution Py ¢ of
the received signal x and the transmitted signal s. Therefore,
the following two points can be highlighted.

a) If the joint distribution Py ¢ is non-Gaussian, we just need
to learn the mapping ¢ using (7).

b) If the joint distribution Py s is (or assumed to be) Gaussian,
we just learn covariance matrices R,s and R,; cf. (12);
Gaussianity assumption of Py ¢ is beneficial in reducing
computational burdens. If, further, the channel matrix H
is known, R,s and R, can be expressed using H.

B. Distributional Uncertainty and Distributional Robustness

For ease of conceptual illustration, we start with the fol-
lowing stationary-channel assumption in this subsection: The
channel statistics remain unchanged within the communication
frame so that the joint distribution Py ¢ is fixed over time.
That is, pilot data {(x1, s1), (%2, 82), ..., (L, sr)} and non-
pilot communication data are drawn from the same unknown
distribution Py . For the general case where the channel is
not statistically stationary within a frame, see Appendix
the statistical non-stationarity of Py s may be due to the time-
selectivity of the transmit power matrix R, of the channel
matrix H, and/or of the channel noise covariance R,,.

1) Issue of Distributional Uncertainty: In practice, the true
joint distribution Py ¢ is unknown but can be estimated by the
pilot data. Hence, the estimation of wireless signals is a data-
driven statistical inference (i.e., statistical machine learning)
problem. We let

L
Prai= 73 Omwa) (13)
i=1

denote the empirical distribution supported on the L collected
data {(=;,s;)}icir], Where 05, ,) denotes the Dirac distri-
bution (i.e., point-mass distribution) centered on (x;, s;); note
that ]IA”,QS is a discrete distribution. If we use the estimated joint
distribution I@’x}s as a surrogate of the true joint distribution
Py s, becomes the conventional empirical risk minimiza-
tion (ERM)

minTrE ) 5, [600) —slle(x) —s]",  (14)
ie.,
1 L
min Tr ;[gb(mi) — sil[p(m;) — s (15)

Likewise, become the conventional beamforming problem

min Tr [WR,W" - WR,, - R\,W" + R.],  (16)

where flz, Rm, and RS are the training-sample-estimated

(i.e., nominal) values of R,, R, and R, respectively.
There exists the distributional diffAerence between the

sample-defined nominal distribution Py and true data-
generating distribution Py s due to the limited size of the

training data set (i.e., limited pilot length) and the time-
selectivity of Py . From the perspective of applied statistics
and machine learning, the distributional difference between
]f”,gs and PPy s (i.e., the distributional uncertainty of ]IADXVS com-
pared to P ) may cause significant performance degradation
of (I5) compared to (7), so is the performance deterioration of
(16) compared to (TT). For extensive reading on this point, see
Appendix [C] Therefore, to reduce the adverse effect introduced
by the distributional uncertainty in ]IADX7S, a new surrogate of
rather than the sample-averaged approximation in (I3) is
expected.

2) Distributionally Robust Estimation: To combat the dis-
tributional uncertainty in I@’,QS, we consider the distributionally
robust counterpart of

min max TrE X)—s x) — st 17
min max TrEy[6(0) —sl[e0) ~sf. (17)
where Uy s, called a distributional uncertainty set, contains
a collection of distributions that are close to the nominal

distribution (i.e., the sample-estimated distribution) I@’xﬁ;

ux,s = {Px,s| d(Px,me,s) < 6}7 (18)
where d(-,-) denotes a similarity measure (e.g., metric or di-
vergence) between two distributions and € > 0 an uncertainty
quantification level. Since I@’,QS is discrete and Py s is not,
the Wasserstein distance [[27, Def. 2] and the maximum mean
discrepancy (MMD) distance [28, Def. 2.1] are the typical
choices of d(-,-) to construct Uyx s. When I@’x,s and Py ¢ are
parametric distributions (e.g., Gaussian, exponential family),
divergences such as the Kullback-—Leibler (KL) divergence, or
more general ¢-divergence, are also applicable to particularize
d(-,-) because parameters can be estimated using samples.
When e = 0, (T7) reduces to (I3).
If Uy s contains (or is assumed, for computational simplicity,
to contain) only Gaussian distributions, particularizes to

Iré[i/n mI%x Tr [WREWH -WR,, — R:';'SWH + RS}
S.t. do(R, R) < €g,

R >0,
(19)
where
R, R, - R, R
R::[RJH.S Rs:|’ R::[R,_f Ris}’ (20)

because every zero-mean complex Gaussian distribution
is uniquely characterized by its covariance and pseudo-
covariance, but in receive beamforming, we do not consider
pseudo-covariances; cf. ; dy denotes the matrix similarity
measures (e.g., matrix distances); ¢g > 0 is the uncertainty
quantification parameter. When ¢y, = 0, (I9) reduces to (I6).

For additional discussions on the framework of distribution-
ally robust estimation, see Appendix [D]

IV. DISTRIBUTIONALLY ROBUST LINEAR ESTIMATION

Due to several practical benefits of linear estimation, for
example, the simplicity of hardware structures, the clarity of
physical meaning (i.e., constructive and destructive interfer-
ence through beamforming), and the easiness of computations,
investigating distributionally robust linear estimation problems
is important. This section particularly studies Problem (T9).
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A. General Framework and Concrete Examples

The following lemma solves Problem (19).

Lemma 1: Suppose that the set {R| do(R, R) < ¢}
is compact convex and R, is invertible. Let R* solve the
problem below:

max Tr|— RY R 'R, + R,]|
R

S.t. do(]%7 R) < €p, (21)
R>0, R,>0.
Construct W* using R* as follows:
W*=R"R:L. (22)

Then (W*, R*) is a solution to Problem (I9). On the other
hand, if (W™*, R*) solves Problem (19), then R* is a solution
to 2I) and (W*, R*) satisfies (22).
Proof: See Appendix [E] O
Let

fi(R)=Tr[- R R, 'R, + R,] (23)

denote the objective function of ZI). When R, and R, are
fixed, we define

fQ(RQL) = TI" |: — RgsRalest + Rs:l . (24)

The theorem below studies the properties of f; and fs.

Theorem 1: Consider the definition of R in (20). The
functions f; defined in (23) and f; defined in (24) are
monotonically increasing in R and R,, respectively. To be
specific, if Ry = Ry = 0, R; ;, > 0, and R, , > 0, we have
fi(R1) > f1(R2). In addition, if Ry ; = Ra, > 0, we have
fo(Riz) > fa(Raz).

Proof: See Appendix [ O

To concretely solve (ZI)), we need to particularize dy. This
article investigates the following uncertainty sets.

Definition 1 (Additive Moment Uncertainty Set): The addi-
tive moment uncertainty set of R is constructed as

{RIR-«E<R=<R+¢E, R-0} (25

for some E > 0 and ¢g > 0. [l
Definition [I] is motivated by the fact that the difference
R — R is bounded by some threshold matrix E and error
quantification level €y: specifically, —eg & X R — R < e F.
In practice, we can consider the threshold as an identity
matrix because, for every non-identity EE > 0, we have
E < A\ Inip where A; is the largest eigenvalue of E.
Definition 2 (Diagonal-Loading Uncertainty Set): The
diagonal-loading uncertainty set of R is constructed as

{R|R— eIy, < R<R+elyip, R=0} (26

for some ¢y > 0. (]
Due to the concentration property of the sample-covariance
R to the true covariance R when the true distribution Py is
fixed within a frame, finite values of ¢ exist for every sample
size L; NB: ¢g — 0 as L. — oo. However, given L, the smallest
€o cannot be practically calculated because it depends on the
true but unknown Py . If E is block-diagonal, the generalized
diagonal-loading uncertainty set can be motivated.

Definition 3 (Generalized Diagonal-Loading Uncertainty
Set): The generalized diagonal-loading uncertainty set of R
is constructed by the following constraints: R > 0 and

R, R,] [F o0
RN R, | 0 @
Ril) RIS
R, R, F 0
f[fz;s R, }“0{ 0 G}’
for some F',G = 0 and ¢y > 0. O

Definitions and [3 are introduced for the first time in
this article. Another type of moment-based uncertainty set is
popular in the literature, which we refer to as the multiplicative
moment uncertainty set for differentiation.

Definition 4 (Multiplicative Moment Uncertainty Set [|29]):
The multiplicative moment uncertainty set of R is given as

{R| 9,R < R < 0,R} (28)

for some 65 > 1 > 67 > 0. O

The following corollary shows the distributionally robust
linear beamformers associated with the various uncertainty sets
in Definitions [T} 2} B} and

Corollary 1 (of Theorem [I): Consider the moment-based
uncertainty sets in Definitions [I] 2l B} and ] The distribution-
ally robust linear beamforming (ZI) is analytically solved by
the corresponding upper bounds of R. To be specific,

C1) Under Definition |1} the additive-moment distribution-
ally robust (DR-AM) beamformer is

W];R-AM = (Rws + GOEIS)H(Rm + €0Ex)_1
= (ﬂRs + 6(]-E:DS)H'
[HR,H" + R, + ¢, E,] ",
(29)
where H s Rs, and R,, denote the estimates of H, R,
and R,, respectively.
C2) Under Definition [2] the diagonal-loading distribution-
ally robust (DR-DL) beamformer is

Wik, = BY[R. +eoln] ™
= RHA"HR.H" + R, + ¢oIy] ",
(30)
which is also known as the loaded sample matrix
inversion method [[19], [14}, Eq. (11)] and widely-used
in the practice of wireless communications.
C3) Under Definition 3| the generalized diagonal-loading
distributionally robust beamformer (DR-GDL) is

Wikeo, = RI[R, +eF) ™
— RHMHR.H" 1 R, + o F|-L.
(€29)
C4) Under Definition 4] the multiplicative-moment (MM)
distributionally robust beamformer is identical to the
Wiener beamformer at nominal values:
Wiemu = RER?

A A A A A 2
_ RAEHRA"+ R P

The corresponding estimation errors are simple to obtain. [
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Corollary [T] implies that, in the sense of the same induced
robust beamformers, the diagonal-loading uncertainty set
and the generalized diagonal-loading uncertainty set are
technically equivalent to the following trimmed versions.

Definition 5 (Trimmed Diagonal-Loading Uncertainty Sets):
By setting G == 0 in (27), in terms of R,, reduces to
the trimmed generalized diagonal-loading uncertainty set:

{R.| R, —eF <R, <R, +eF, R, =0}. (33)
The trimmed diagonal-loading uncertainty set

{R.| R, — eIy = R, 2 R, + eIy, R, =0}, (34)
is obtained by letting F' := I . (]

The robust beamformers corresponding to the trimmed
uncertainty sets (33) and (34) remain the same as defined in
and (30), respectively; cf. Theorem

As we can see from Corollary [l the primary benefit of
using the moment-based uncertainty sets is the computational
simplicity due to the availability of closed-form solutions.
If the uncertainty sets are constructed using the Wasserstein
distance \/Tr[RJr R —2(RY2RR'/?)!/2] < ¢, or the KL
divergence %[Tr[R‘lR— Iniy] — Indet(R'R)] < €
between CA(0, R) and CA(0, R), the induced distribution-
ally robust linear beamforming problems have no closed-form
solutions, and therefore, are computationally prohibitive in
practice. In addition, Corollary [I] suggests that the distribu-
tionally robust beamformer under the multiplicative moment
uncertainty set is the same as the nominal beamformer
R;‘SRgl, which essentially does not introduce robustness in
wireless signal estimation; this is another motivation why we
construct new moment-based uncertainty sets in Definitions [I]
and 3] However, we can modify the multiplicative moment
uncertainty set in Definition [4| to achieve robustness.

Definition 6 (Modified Multiplicative Moment Uncertainty
Set): The modified multiplicative moment uncertainty set of
R is defined by the following constraint:

Rm R;Es 92Rw R:z:s
}j[R?S R, }j{ RH. GQRJ
(35
for some 65 > 1 > 61 > 0 such that the left-most matrix is
positive semi-definite. (]
The robust beamformer under the modified multiplicative
moment uncertainty set is

91 Rz R:cs
R, 0.R,

Wik vmm = Rys ) [Ong]_l. (36)
In terms of the uncertainties of R; and R,,, Problem
can be explicitly written as

max

Tr [R, - R.H"(HR,H" + R,)'HR,]
R..R,

s.t.  di(Rs, Rs) < e,
dQ(R'UaRU) S €2,
Rs t 07 Rv t Oa
(37
for some similarity measures d; and de and nonnegative
scalars €1 and ey. For every given (R, R,), the associated

beamformer is given in (I2). When the uncertainty in the
channel matrix must be investigated, we can consider

max Tr[R, - R,H"(HR.H" + R,)"' HR,]

A (38)
S.t. dg(H,H) < €3,

which is not a semi-definite program. In addition, the gradient
of the objective function with respect to H is complicated to
obtain. Hence, practically, we should avoid directly attacking
Problem (38)); this can be done by directly considering the
uncertainties of R, and R, (i.e., R) because the uncertainties
of R, R,, and H can be reflected in the uncertainties of R,
and R,,; cf. R, = HR,H"+ R, and R, = HR,.

In addition to Corollary [I] below we provide other concrete
examples to further showcase the usefulness and applications
of the distributionally robust beamforming formulations (2]
and (37), where the trimmed uncertainty sets are employed.

Example 1 (Distributionally Robust Capon Beamforming):
We consider a distributionally robust Capon beamforming
problem under the trimmed uncertainty set (34):

minmax Tr [WRxWH — 2R, + Rs]
W R,
s.t. WH =1,
R, — eIy 2 R, = R, + €01y,
R, = 0,
which is equivalent, in the sense of the same solutions, to

minmax Tr [WRxWH]
W R,
s.t. WH =1,
Rx - 6OIN = Rz = Rz + 6OINa
R, > 0.
According to Theorem [T} the above display is equivalent to
min  Tr [WR,WH| + ¢ - Tr [WWH]
w
st. WH =1,.
The above formulation is the squared-F'-norm-regularized
Capon beamformer [[14, Eq. (10)] whose solution is

WI;R-Capon = [HH (Rl + GOIN)_lIA{]_ll (39)
HY (R, + eoIn) ™,
which is the diagonal-loading Capon beamformer. ([l

Example 2 (Eigenvalue Thresholding): Suppose that R,
admits the eigenvalues of diag{A1, A2, ..., Any} in descending
order and the eigenvectors in @ (columns). Let 0 < ;1 < 1 be
a shrinking coefficient. If we assume R, =< Rmhr where

Rx,thr =
A1

g max{ A, A2} ) oL

max{ A, An}

(40)
we have the distributionally robust beamformer
WSR-ET = RSSRT:}hrv (41)

which is known as the eigenvalue thresholding method [20],
(14, Eq. (12)]. O
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Example 3 (Distributionally Robust Beamforming for Un-
certain R; and R,,): Consider Problem (37). Since the objec-
tive of is increasing in both R, and R, [T]if

R, — eIy X R, X R, +e1lu,
we have a distributionally robust beamformer

Wi = (1:35 + €1IM)HH[H(ARS +ely)H+ R))7!
— (R + e In)H'[HR,H" + R, + e HH"|;

(42)
if instead
R,—eHY(HH")H X R, < R,+eH"(HH")"’H,
(43)
we have
x _ D H H Hy—17.
Wik =[RsH" +etH'(HH"™) ] (44)

[HR,H" + R, + e1Iy] 7!,
which is a modified diagonal-loading beamformer. On the
other hand, if

R,— eIy <R, <R, +ely,
we have

Wix = RRH'HR,H" + R, + e2IN]"!,  (45)

which is also a diagonal-loading beamformer. (]
Motivated by Corollary [Tjand Examples as well as the
trimmed uncertainty sets in Definition[5} we have the following
important theorem, which justifies the popular ridge regression
in machine learning.
Theorem 2 (Ridge Regression and Tikhonov Regularization):
Consider a linear regression problem on (x,s), i.e.,

s=Wx+e,

where e denotes the error term and the distributionally robust
estimator of W, i.e.,

min max TrE,(Wx —s][Wx —s]",
W ECMXN Py s €l s

which can be particularized to (I9). Supposing that the second-
order moment of x is uncertain and quantified as

R, — eIy < R, < R, + Iy,

then the distributionally robust estimator of W becomes a
ridge regression (i.e., squared-F-norm regularized) method

min Tr [WR,W" =W Ry~ RE W+ R, ] e Tr [WW'].

The regularization term becomes Tr [WFWH}, which is
known as the Tikhonov regularizer, if

R, —«F <R, <R, +¢F

for some F' > 0.

Proof: This is due to Lemma | and Theorem [T} Just note
that Tr [W(RI +eF)WH-WR,, — REWH+ R,| =
Tt [WR,WH-WR,,— R W'+ R,] +eo Tt ( WFWH].
This completes the proof. (|

I'This claim can be routinely proven in analogy to Theorem [1| and a real-
space case in [30, Thm. 1].

Note that in Theorem[2] the second-order moment of s is not
considered because it does not influence the optimal solution
of W: i.e., the optimal solution of W does not depend on the
value of R,. Theorem [2] gives a new theoretical interpretation
of the popular ridge regression in machine learning from
the perspective of distributional robustness against second-
moment uncertainties of the feature vector x; another interpre-
tation of ridge regression from the perspective of distributional
robustness under martingale constraints is identified in [31}
Ex. 3.3]. When the uncertainty is quantified by the Wasserstein
distance, a similar result can be seen in [32, Prop. 3], [33}
Prop. 2], which however is not a ridge regression formulation
because in [[32, Prop. 3] and [33| Prop. 2], the loss function
is square-rooted and the norm regularizer is not squared; cf.
also [27, Rem. 18 and 19]. The corollary below justifies the
rationale of any norm-regularized method.

Corollary 2: The following squared-norm-regularized beam-
forming formulation can combat the distributional uncertainty:

min Tr (WR,W" - WR,, - REW" + R,] + \|W |2,
(46)
where ||-|| denotes any matrix norm. This is because all norms
on CM*N gre equivalent; hence, there exists some A > 0 such
that AW |2 > | W% = eo Tr [WWH]. As a result, @6)
can upper bound the ridge cost in Theorem [2} ]
Motivated by Theorem [2] the following corollary is imme-
diate, which gives another interpretation of ridge regression
and Tikhonov regularization from the perspective of data
augmentation through data perturbation (cf. noise injection in
image [34] and speech [35]] processing).
Corollary 3 (Data Augmentation for Linear Regression):
Consider a linear regression problem on (x,s) with data
perturbation vectors (A, Ay)

(s+A;)=W(x+A,) +e,

and the distributionally robust estimator of W
min max

WECMXN Pa_ A, E€UA, A, Tr E(x,s)N@x,sEAm’As {
(Wt Ag) = (s + AW+ A,) — (s + A}

Suppose that A, is uncorrelated with x, with s, and with Ag;
in addition, A, is uncorrelated with x. If the second-order
moment of A, is upper bounded as EAxAE = eoly, then
the distributionally robust estimator of W becomes a ridge
regression (i.e., squared-F-norm regularized) method

min Tr [W R W W Ry~ R, W' Ry | +eo Tr [WW'].

The regularization term becomes Tr [WFW™"|, which is
known as the Tikhonov regularizer, if IEAJCAE = ¢ F, for
some F' > 0. |

The second-order moment of A, is not considered in
Corollary [3] as it does not influence the optimal value of W.

B. Complex Uncertainty Sets

Below we remark on more general construction methods for
the uncertainty set of R using the Wasserstein distance and
the F-norm, beyond the moment-based methods in Definitions
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[[~6l However, note that such complicated approaches are
computationally prohibitive in practice when N or M is large.

1) Wasserstein Distributionally Robust Beamforming: We
start with the Wasserstein distance:

max Tr [ ~-RUER'R,, + RS}
st Tr [R +R— 2(1%1/2Rf21/2)1/2] <€
R>0, R, ~0.

(47)

The first constraint in the above display is a particularization of
the Wasserstein distance between CA/(0, R) and CA/(0, R).
Problem is a nonlinear positive semi-definite program
(P-SDP). However, we can give it a linear reformulation.
Proposition 1: Problem can be equivalently reformu-
lated into a linear P-SDP

max Tr[Rs — V]
RV.U y
V. Rl

S.t. { R,. R, } =0

T [R+ R-2U| < (48)

1/2 ppl/2
{R RRY U }>0
U Ininr
R>~0, R, >0, V>0 U&>O0.

Proof: This is by applying the Schur complement. [
Complex-valued linear P-SDP can be solved using, e.g., the
YALMIP solver[]
Suppose that R* solves ([@8). The corresponding Wasser-
stein distributionally robust beamformer is given as

* _ *H px—1
WDR—Wasserstein - Rms Rw . (49)

Next, we separately investigate the uncertainties in R, and
R,. From (37), we have

Tr [R, — R.H"'(HR,H" + R,)"'HR,]

max
R,R,

st. Tr|Rs+ R, — 2(R§/2R5R2/2)1/2 <é
Tr R, + R, — 2(RY’R,R)/?)'/2| < &
R,~-0, R, =0,

(50)
where we ignore the uncertainty of H for technical tractability.
Problem (30) can be transformed into a linear P-SDP using a
similar technique as in Proposition [I} One can just introduce
an inequality U = R,H'(HR,H" + R)"'HR, and the
objective function will become Tr [R, — U].

Suppose that (R}, R) solves (50). The corresponding

Wasserstein distributionally robust beamformer is given as
H H -1
W];R—Wasserslein—lndividual = R:H [H R;H + R:] : (5 1)

2) F-Norm Distributionally Robust Beamforming: Under
the F'-norm, we just need to replace the Wasserstein distance.
To be specific, becomes

max Tr [ ~RNURI'R,. + RS]
st Tr [(R ~RMR - R)} < e
R>0, R, - 0.

(52)

2See |https://yalmip.github.io/inside/complexproblems/.

The linear reformulation of the above display is given in
the proposition below.

Proposition 2: The nonlinear P-SDP (52) can be equiva-
lently reformulated into a linear P-SDP

max  Tr[R, — V]
RVU |
V R,
s.t. [Rms R, } >0
Tr [U] < €3, (53)
_ P
[ U (R-R) } <o,
(R — R) IN+1\/I

R>0, R,~0, V=0, U&>O0.

Proof: This is by applying the Schur complement. ([

C. Multi-Frame Case: Dynamic Channel Evolution

Each frame contains a pilot block used for beamformer
design. Although the channel state information (CSI) may
change from one frame to another, the CSI between the two
consecutive frames is highly correlated. This correlation can
benefit beamformer design across multiple frames. Suppose
that {(s1, 1), (s2,x2),...,(sr, )} is the training data
in the current frame and {(s},x}), (s5,x5),..., (s, x})}
is the history data in the immediately preceding frame. In
such a case, the distributional difference between ]IAD,QS and
]f”x/,s/ is upper bounded, that is, d(Px,sa ]f"x/ﬁs/) < € for
some proper distance d and a real number ¢ > 0 where
]P’x7S = %25:1 6(wi,3i) and Px/7s/ = %ZiLzl (5(w§’s;).

Since a beamformer W = F(Pxs) is a continuous func-
tional F(-) of data distribution Px g, cf. (I0), we have |[W —
W,”F = H}-(Px,s)*fa@)x/,s/)”F S C’d(Px@, ]P’xl,sl) S ¢ for
some positive constant C' > 0 and upper bound € > 0 where
W' is the beamformer associated with I@’xr,sr in the previous
frame. Therefore, the beamforming problem becomes a
constrained problem

n&‘i/n Tr [WRIWH ~WR,, — R WH 1 RS}
s.t. Tr[W — W/[W — W’]H < €%
By the Lagrange duality theory, it is equivalent to
min Tr [WR,W" — WR., - Ry, W" + R,]+
A-Te[W — W/ [W — W'H
= min Tr (W(R, + MN)WH - W(R,, + \W')—
(Rus + /\W’H)HWH +(Rs + AW’W’H)]7
(54)
for some X\ > 0. As a result, we have the Wiener beamformer
for the multi-frame case, where we can treat W' as a prior
knowledge of W

Claim 1 (Multi-Frame Beamforming): The Wiener beam-
former for the multi-frame case is given by

= [Rys + \WWHHR, + NI\t

= [R,H" + \W/|[HR,H" + R, + \IN]|7!,
(55

where A > 0 is a tuning parameter to control the similarity

between W and W'. Specifically, if A is large, W must be

close to W, if X is small, W can be far away from W’. [

*
WWiener—MF
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With the result in Claim [T} (21)) becomes
(Rys + AWM (R, + My) ™!

(Res + AW + (R, + \WWWH)]
S.t. do(R, R) < €p,
R>0,

max Ir [—
R

(56)

whose objective function is monotonically increasing in R.

The remaining distributional robustness modeling and anal-
yses against the uncertainties in R are technically straight-
forward, and therefore, we omit them here. Upon using
the diagonal-loading method on R, a distributionally robust
beamformer for the multi-frame case is

Wik wieneratr = [Fas # AWM [Ry + My + e0In] ™,

where €g is an uncertainty quantification parameter for R.

V. DISTRIBUTIONALLY ROBUST NONLINEAR ESTIMATION

For the convenience of the technical treatment, we study
the estimation problem in real spaces. Nonlinear estimators,
which are suitable for non-Gaussian P g, are to be limited in
reproducing kernel Hilbert spaces and feedforward multi-layer
neural network function spaces.

A. Reproducing Kernel Hilbert Spaces

1) General Framework and Concrete Examples: As a
standard treatment in machine learning, we use the par-
tial pilot data {x;,x,,...,2;} to construct the reproduc-
ing kernel Hilbert spaces, and use the whole pilot data
{(x1,81), (&g, 85),..., (2, 8)} to train the optimal estima-
tor in an RKHS.

With the W -linear representation of ¢(-) in (@), i.e., ¢(-) =
W(-), the distributionally robust estimation problem (I7)
becomes

.
Wé{éz%m»f?é‘&is“Exs[W p(x) —s|[W-p(x) —s] .
(57)

The proposition below reformulates and solves (37).

Proposition 3: Let K denote the kernel matrix associated
with the kernel function ker(-,-) whose (4, j)-entry is defined
as

K =ker(z; z;), Vi,jel[L].

Let z := (x). Then, the distributionally robust x-nonlinear
estimation problem (57) can be rewritten as a distributionally
robust z-linear beamforming problem as

r%n max Tr [WR£WT -WR,, — RISWT + Ri]
R, R, R. R,
s.t. do <|: R; R? } [ RT 1%5 ) < €p,
R, R,
zs S
. Ai (58)
where R, = 1 K%, R, KS',R,= 188", and S :=
[Re S; Im S] [Sl,ﬁg, ) ] In add1t10n the strong min-

max property holds for (38): i.e., the order of min and max
can be exchanged provided that the first constraint is compact

convex. As a result, given every pair of (R, R, R;), the
optimal Wiener beamformer is

*
WRKHS

which transforms (38) to

R, -R]' (59)

max Tr[ RTRlRZS—&—R]
R.,R.;,R;
R. R.. R. R,
S.t. dp |: R; RZ :| s [ st RZ ‘|> < €g,
{11;% %s}to, R, >~ 0.

(60)
Proof: Treating [z;s| as, or approximating [z;s| using,
a joint Gaussian random vector due to the linear estimation
relation § = Wz in RKHS [cf. (37)], then the results in
Lemma [T] apply. For details, see Appendix [G| O
In (B8), do defines a matrix similarity measure to quantify
the uncertainty of the covariance matrix of [z;s], and ¢y > 0
quantifies the uncertainty level. Proposition [3| reveals the ben-
efit of the kernel trick (2), that is, the possibility to represent
a nonlinear estimation problem as a linear one.
The claim below summarizes the solution of in the
RKHS induced by the kernel function ker(, -).
Claim 2: Suppose that (R}, R}, R}) solves (60). Then the
optimal estimator of (T7) in the RKHS 1nduced by ker(-,-) is
given by

¢"(x) =Tn P(x),

where x = [Rex; Imx] is the real-space representation of x,
T'pr == [In, J] is defined in Subsection and

R 61)

ker(§7 21)
ker(x, x,)

ker(x, ;)

In addition, the corresponding worst-case estimation error
covariance is

Ty |- RIRT'RE, + R -TY), (62)

which upper bounds the true estimation error covariance. [
Concrete examples of Claim [2] are given as follows.
Example 4 (Kernelized Diagonal Loading): By using the

trimmed diagonal-loading uncertainty set for R, i.e.,

R, — eI, <R, =<R.+elp,

we have the kernelized diagonal loading method

1 1 -1
¢*(x):I‘M-LSK-<LK2+eoIL> cp(x),  (63)

which is obtained at the upper bound of R.. Furthermore,
in this case, the distributionally robust formulation (57) is
equivalent to a squared-F'-norm-regularized formulation

1 ~ . _— . _ T
min TrB, o p, [W-o(x) = s|[W-o(x) —s] + 64)
o TI[WWT],
which can be proven by replacing R, in (38) with its upper
bound. ]
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Example 5 (Kernelized Eigenvalue Thresholding): The ker-
nelized eigenvalue thresholding method can be designed in
analogy to Example [2| The two key steps are to obtain the
eigenvalue decomposition of R, = K?/L and then lift the
eigenvalues; cf. @0). O

In addition, Example 4] motivates the following important
theorem for statistical machine learning.

Theorem 3 (Kernel Ridge Regression and Kernel Tikhonov
Regularization): Consider the nonlinear regression problem

s=¢(x) +e,

and the distributionally robust estimator of ¢(x) = W - p(x)
in the RKHS induced by the kernel function ker(-, ), i.e.,
i TrEy o[W - - . —s]T.
womn, | max Tr xs[W - o(x) = s][W - p(x) — |
Supposing that only the second-order moment of z = ¢(x)
is uncertain and quantified as

Rg —el, 2 R, = R5+ eolr,

then the distributionally robust estimator of W becomes a
kernel ridge regression method (64). The regularization term
in (64) becomes the Tikhonov regularizer Tr[W FWT] if

R, -« F=<R,=<R,+¢F

for some F' > 0.
Proof: See Example [} cf. Theorem O
Theorem [3] gives the kernel ridge regression an interpre-
tation of distributional robustness. The usual choice of F' in
Theoremis the L-divided kernel matrix K /L; see, e.g., [36,
Eq. 4)], [24, Egs. (15.110) and (15.113)]. As a result, from

(63), we have
¢*(x) =Ty S (K+el,) " o),

which is another type of kernel ridge regression (i.e., a new
kernelized diagonal-loading method).

In analogy to Corollary [2} the following corollary motivated
from is immediate.

Corollary 4: The following squared-norm-regularized
method in RKHSs can combat the distributional uncertainty:

(65)

min TrE, o) 5 W @(x) = s][W - p(x) —s]"+ 66)
A- W%,
for any matrix norm || - ||; cf. Corollary O

Moreover, in analogy to Corollary 3] the following corollary
is immediate.

Corollary 5 (Data Augmentation for Kernel Regression):
Consider the nonlinear regression problem in Theorem [3] Its
data-perturbed counterpart can be constructed by taking into
account the data perturbation vectors (A, A ). Suppose that
A is uncorrelated with z, with s, and with A; in addition,
A, is uncorrelated with z. If the second-order moment of
A is upper bounded by €yIy, then the distributionally robust
estimator of W becomes a kernel ridge regression (i.e.,
squared- F-norm regularized) method (64). The regularization
term becomes Tr [W FWH], which is known as the Tikhonov
regularizer, if the second-order moment of A, is upper
bounded by €y F' for some F' > 0. (]

General uncertainty sets using the Wasserstein distance or
the F'-norm, beyond the diagonal eyp-perturbation (cf. Example
M), can be straightforwardly employed and the distributional
robustness modeling and analyses remain routine; cf. Sub-
section Hence, we omit them here. However, such
complicated approaches are computationally prohibitive in
practice when L or M is large.

2) Multi-Frame Case: Dynamic Channel Evolution: As in
@D, the multi-frame formulation in RKHSs is

Tr Ex s[W - o(x) — s][W - (x) — 5]+
A-Te[W — WW — W7,

min
W ER2M x L

(67)

where W' denotes the beamformer in the immediately pre-
ceding frame and serves as a prior knowledge of W.
Claim 3 (Multi-Frame Estimation in RHKS): The solution

to is given by (cf. (39))
Wiknsve = [Res + AW/TT[R, + M7}

— (LSK + \W') - (LK2+ A1), (68)

where A > 0 is a tuning parameter to control the similarity
between W and W'; cf. Claim O

The remaining distributional robustness modeling and anal-
yses on against the uncertainties in Rg, Eﬂ, and R§ are
technically straightforward; cf. Subsection Therefore, we
omit them here.

B. Neural Networks

With the W -parameterization ¢w,,, (x) of ¢(x) in feedfor-
ward multi-layer neural networks, i.e., {@), the distributionally
robust estimation problem becomes
]ngleali(xﬁ Tr E§,§[¢W[R] (5) - §} [¢W[R] (5)
where Wig) = {W, Wy,..., Wg} and Pwir (x) is defined
in (@). Problem is highly nonlinear in both argument
x and parameter W[ R which is different from the case in
reproducing kernel Hilbert spaces where the W -linearization
features. Hence, problem (69) is too complicated to solve to
global optimality. According to [27, Cor. 33], under several
technical conditions (plus the boundedness of the feasible
region of Wig)), is upper bounded by a spectral-norm-
regularized empirical risk minimization problem

—s|T, (69)

min
Wir

L
min % > Trlpwiy (@) — sillpwiy () — 5]+
=1

R
A Z HWT”2a
r=1

for some regularization coefficient A’ > 0, where ||-||2 denotes
the spectral norm of a matrix (i.e., the induced 2-norm).
Eq. (70) rigorously justifies the popular norm regularization
method in training neural networks: By diminishing the upper
bound ([70) of (69), the true error in (69) can be controlled from
above. The regularized ERM problem (70) is reminiscent of
the ridge regression and the kernel ridge regression methods
in Theorems [2] and [3] for distributional robustness in linear re-
gression and RKHS linear regression, respectively. Supposing

(70)
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that W[}] is an (approximated, or sub-optimal) solutlorﬂ of
(70), then the distributionally robust optimal estimator of the
transmitted signal s can be obtained as

s =Tu - dwy, (%)

Therefore, in training a neural network for wireless signal
estimation, it is recommended to apply the norm regularization
methods. Since norms on real spaces are equivalent, can
be further upper bounded by

(71)

R
AR
r=1

for any matrix norm || - || and some A > 0; A depends on
N and || - ||. As a result, to achieve distributional robustness
in training a neural network, any-norm-regularized learning
method in (7I) can be considered.

VI. EXPERIMENTS

We consider a point-to-point multiple-input-multiple-output
(MIMO) wireless communication problem where the trans-
mitter is located at [0, 0] and the receiver is at [500m, 450m)].
We randomly sample 25 points according to the uniform
distribution on the square of [0,500m] x [0,500m] to denote
the scatterers’ positions; i.e., there exist 26 radio paths. All
the source data and codes are available online at GitHub
with thorough implementation comments: https://github.com/
Spratm-Asleaf/DRRC. In this section, we only present major
experimental setups and results; readers can use the shared
source codes to explore (or verify) minor ones.

The following eleven methods are implemented in the
experiments: 1) Wiener: Wiener beamformer (12), upper
expression; 2) Wiener-DL: Wiener beamformer with diagonal
loading (30), upper expression; 3) Wiener-DR: Distribution-
ally robust Wiener beamformer and (53); 4) Wiener-CE:
Channel-estimation-based Wiener beamformer , lower
expression; 5) Wiener-CE-DL: Channel-estimation-based
Wiener beamformer with diagonal loading (30), lower ex-
pression; 6) Wiener-CE-DR: Distributionally robust channel-
estimation-based Wiener beamformer and (31); 7) Capon:
Capon beamformer ) for ¢¢ = 0; 8) Capon-DL: Capon
beamformer with dlagonal loading @]) 9) ZF: Zero-forcing
beamformer where Wy == (HHH) " 'H" and H denotes
the estimated channel matrix; 10) Kernel: Kernel receiver (61))
with ¢¢g = 0 in ; and 11) Kernel-DL: Kernel receiver
with diagonal loading (63). Note that the diagonal-loading-
based methods are particular cases of distributionally robust
combiners; see, e.g., Corollary [T] and Example {] The deep-
learning-based (DL-based) methods in Subsection are not
implemented in this section because they have been deeply
studied in our previous publications, e.g., [10], [[12]; we only
comment on the advantages and disadvantages of DL-based
methods compared with the listed eleven methods in Section

(Conclusions).

3Neural networks are hard to be globally optimized.

When covariance matrix R, of transmitted signal s is
unknown for the receiver (e.g., in ISAC systems, R, needs to
vary from one frame to another for sensing), R is estimated
by the sample covariance matrix R,=SS H/L. The channel
matrix H is estimated using the minimum mean-squared error
method, i.e., H = X SH(SS")~1. Covariance matrix R, of
channel noise v is estimated using the least-square method,
ie, R, = (X — HS)(X — HS)"/L. The matrices R,
H , and RU are therefore uncertain compared to their true
(but unknown; possibly time-varying) values R;, H, and
R, respectively. The matrices RS, H , and RU are used
in beamformers such as the channel-estimation-based Wiener
beamformer , the Capon beamformer, and the zero-forcing
beamformer.

The combiners are determined on the training data set
(i.e., pilot data). The performance evaluation method of com-
biners is mean-squared estimation error (MSE) on the test
data set (i.e., non-pilot communication data): to be specific,
|| Stest — .S’lesl|| /(M X Lieg) Where S € CM*Luest s the test
data block, Stes[ is its estimate, and Lig is the length of non-
pilot test data units. As data-driven machine learning methods,
all parameters (e.g., uncertainty quantification coefficients €’s)
of combiners can be tuned using the popular cross-validation
(e.g., one-shot cross-validation) method. The parameters can
also be empirically tuned to save training times because cross-
validation imposes a significant computational burden. This
article mainly uses the empirical tuning method (i.e., trial-
and-error) to tune each combiner to achieve its best average
performance. For each test case, the MSE performances are
averaged on 250 Monte—Carlo episodes.

We consider an experimental scenario where impulse chan-
nel noises exist; i.e., the channel is non-Gaussian so linear
beamformers are no longer sufficient. (Complementary exper-
imental setups and results can be seen in online supplementary
materials.) The detailed setups are as follows. The transmitter
has four antennas (i.e., M = 4) with unit transmit power;
without loss of generality, each antenna is assumed to emit
continuous-valued complex Gaussian signals. The receiver has
eight antennas (i.e., N = 8). The SNR is —10dB, which
is a challenging situation. The channel has impulse noises:
ie., in L received signals (i.e., [x1,Xs2,...,xz]) that are
contaminated by usual complex Gaussian channel noises, 10%
of them are also contaminated by uniform noises with the
maximum amplitude of 1.5, which is a relatively large value
compared to the amplitude of the usual Gaussian channel
noises. We assume that a communication frame contains 500
non-pilot data units; i.e., Lisx = 500. The experimental results
are shown in Tables from which the following main
points can be outlined.

1) A larger number of pilot data benefits the estimation

performances of wireless signals.

2) The diagonal loading operation can significantly improve
the estimation performances especially when the pilot
data size is relatively small.

3) Since the signal model under impulse channel noises
is no longer linear Gaussian, the optimal combiner in
the MSE sense must be nonlinear. Therefore, the Kernel
and the Kernel-DL methods have the potential to outper-
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form other linear beamformers, i.e., to suppress outliers.
However, in practice, the non-robust Kernel method may
undergo numerical instability in calculating the inverse
of the kernel matrix K. Therefore, its actual MSEs are
not necessarily smaller than those of linear beamformers.
Nevertheless, the robust Kernel-DL method consistently
outperforms all other beamformers.

4) Distributionally robust combiners (including diagonal-
loading ones) can combat the adverse effect introduced
by the limited pilot size and several types of uncertainties
in the signal model (e.g., outliers). To be specific, for
example, all diagonal-loading combiners can outperform
their original non-diagonal-loading counterparts; cf. the
Wiener and the Wiener-DL methods, the Wiener-CE and
the Wiener-CE-DL methods, the Capon and the Capon-
DL methods, and the Kernel and the Kernel-DL methods.
In addition, the Wiener-DR beamformer (53) using the
F-norm uncertainty set has the potential to outperform
the Wiener-DL beamformer that employs the simple
uncertainty set (26).

5) Although the Wiener-DR beamformer has the potential
to work better than the Wiener-DL beamformer, it has
a significant computational burden, which may not be
suitable for timely use in practice especially when the
computing resources are limited. Hence, the Wiener-
DL beamformer is practically promising because it can
provide an excellent balance between the computational
burden and the actual performance.

Remarks on Parameter Tuning: From experiments, we find
that the uncertainty quantification coefficients €’s (e.g., in diag-
onal loading) can be neither too large nor too small. When €’s
are too large, the combiners become overly conservative, while
when €’s are too small, the combiners cannot offer sufficient
robustness against data scarcity and model uncertainties. In
both cases of inappropriate €’s, the performances of combiners
degrade significantly. Therefore, €’s must be carefully tuned
in practice, and a rigorous method to tune €’s can be the
cross-validation method on the training data set (i.e., the pilot
data set). If practitioners just pursue satisfaction rather than
optimality, the empirical tuning method is recommended to
save training times.

TABLE I
EXPERIMENTAL RESULTS (PILOT SIZE = 10)

TABLE I
EXPERIMENTAL RESULTS (PILOT SIZE = 15)

Combiner MSE Time | Combiner MSE Time
Wnr 3.30 1.49¢-04 | Wnr-DL 2.11  9.81e-06
Wnr-DR 1.97  3.16e+00 | Wnr-CE 330  4.59-05
Wnr-CE-DL 250  2.17e-05 | Wnr-CE-DR 331  4.63e-05
Capon 5.44  4.42e-05 | Capon-DL 4.52  2.50e-05
ZF 2.12 2.54e-05 | Kernel 1.07  1.60e-04
Kernel-DL 0.80 5.59e-05

Wnar: The abbreviation for Wiener.
Time: The training time averaged on 250 Monte—Carlo episodes.

VII. CONCLUSIONS

This article introduces a unified mathematical framework
for receive combining of wireless signals from the perspective

Combiner MSE Time | Combiner MSE Time
Wnr 1.38 1.65e-04 | Wnr-DL 1.23  1.10e-05
Wnr-DR 1.07  3.21e+00 | Wnr-CE 1.38  4.44e-05
Wnr-CE-DL 1.30  2.12e-05 | Wnr-CE-DR 1.39  4.28e-05
Capon 448  4.31e-05 | Capon-DL 434  2.42e-05
ZF 2.97 2.44e-05 | Kernel 1.12 1.94e-04
Kernel-DL 0.70  9.23e-05
TABLE III
EXPERIMENTAL RESULTS (PILOT SIZE = 20)
Combiner MSE Time | Combiner MSE Time
Wnr 1.12 1.86e-04 | Wnr-DL 1.05 1.87e-05
Wnr-DR 0.93  7.19e+00 | Wnr-CE 1.12  5.78e-05
Wnr-CE-DL 1.08 3.14e-05 | Wnr-CE-DR 1.13 6.01e-05
Capon 5.01 5.93e-05 | Capon-DL 494  3.81e-05
ZF 3.82 3.56e-05 | Kernel 1.20  4.48e-04
Kernel-DL 0.66 3.11e-04
TABLE IV
EXPERIMENTAL RESULTS (PILOT SIZE = 25)
Combiner MSE Time | Combiner MSE Time
Wnr 0.92 1.41e-04 | Wnr-DL 0.88  1.11e-05
Wnr-DR 0.80  4.22¢+00 | Wnr-CE 0.92  5.02e-05
Wnr-CE-DL 0.90  2.44e-05 | Wnr-CE-DR 0.92  4.78e-05
Capon 494  493e-05 | Capon-DL 4.89  2.85e-05
ZF 4.06 2.72e-05 | Kernel 1.14  4.26e-04
Kernel-DL 0.60 2.95e-04
TABLE V
EXPERIMENTAL RESULTS (PILOT SIZE = 50)
Combiner MSE Time | Combiner MSE Time
Wnr 0.69 1.75e-04 | Wnr-DL 0.68  1.85e-05
Wnr-DR 0.65 6.10e+00 | Wnr-CE 0.69  5.81e-05
Wnr-CE-DL 0.68 3.03e-05 | Wnr-CE-DR 0.70  5.90e-05
Capon 6.95 5.97e-05 | Capon-DL 6.93  3.75e-05
ZF 6.36 3.38e-05 | Kernel 0.92 1.81e-03
Kernel-DL 0.53 1.67e-03
TABLE VI
EXPERIMENTAL RESULTS (PILOT S1ZE = 100)
Combiner MSE Time | Combiner MSE Time
Wnr 0.57 3.41e-04 | Wnr-DL 0.57 3.64e-05
Wnr-DR 0.55  4.96e+00 | Wnr-CE 0.57  6.35e-05
Wnr-CE-DL 0.57 2.93e-05 | Wnr-CE-DR 0.58  6.07e-05
Capon 9.89  6.88¢-05 | Capon-DL 9.88  3.99e-05
ZF 9.45 3.27e-05 | Kernel 0.72  5.93e-03
Kernel-DL 0.49 5.83e-03
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of data-driven machine learning, which reveals that channel
estimation is not a necessary operation. To combat the limited
pilot size and several types of uncertainties in the signal model,
the distributionally robust (DR) receive combining framework
is then suggested. We prove that the diagonal-loading (DL)
methods are distributionally robust against the scarcity of pilot
data and the uncertainties in the signal model. In addition,
we generalize the diagonal-loading methods to achieve better
estimation performance (e.g., the DR Wiener beamformer
using F'-norm for uncertainty quantification), at the cost of sig-
nificantly higher computational burdens. Experiments suggest
that nonlinear combiners such as the Kernel and the Kernel-DL
methods have the potential when the pilot size is small and/or
the signal model is not linear Gaussian. Compared with the
Kernel and the Kernel-DL combiners, neural-network-based
solutions [10]], [12] have a stronger expressive capability of
nonlinearities, which however are unscalable in the numbers
of transmit and receive antennas, and significantly more time-
consuming in training and more troublesome in tuning hyper-
parameters (e.g., the number of layers and the number of
neurons in each layer) than the studied eleven combiners.

APPENDIX A
STRUCTURED REPRESENTATION OF NONLINEAR
FUNCTIONS

In Section [[I} we have reviewed two popular frameworks for
representing (nonlinear) functions: reproducing kernel Hilbert
spaces (RKHS) and neural network function spaces (NNFS).
Typical kernel functions ker(-,-) to define RKHSs include
Gaussian kernel, Matern kernel, Linear kernel, Laplacian
kernel, and Polynomial kernel. Mathematical details of these
kernel functions can be found in [24, Subsec. 14.2], [27,
Ex. 1]. Typical activation functions o(-) to define NNFSs
include Hyperbolic tangent (i.e, tanh) function, Softmax func-
tion, Sigmoid function, Rectified linear unit (ReL.U) function,
and Exponential linear unit (ELU) function. Mathematical
details of these activation functions can be found in [27, Ex. 2].

APPENDIX B
DETAILS ON REAL-SPACE SIGNAL REPRESENTATION

Let R, = Exx", C, = Exx', C, = Ess', and C, =
Evv' = 0. We have

Re(R; + C;)

1
- T _ =

1| Re(Rs+C;) Im(—Rs+Cs)
— T _ =
R, =Ess’ =3 [ Im(R, +C,) Re(R,—C,) |’
and
1{ ReR, Im—R
R T _ = v v
Ry :=Eyy _Q{ImRv ReR, }

Note that the following identities hold: R, = HR,H HiR,,
C,=HCH",R,=H R, H'+R,,and R, = H-R,.

APPENDIX C
EXTENSIVE READING ON DISTRIBUTIONAL UNCERTAINTY

A. Generalization Error and Distributional Robustness

We use (7) and (I3)) as examples to illustrate the concepts.
Supposing that ¢* solves the true problem (7)) and ¢fgy, solves
the surrogate problem (I3), we have

mdi)n Tr E(x s)~py o [@(%) — 8][(x) — S}H

= Tr E (x 5)py . [#* (x) — 8][¢* (x) — s]"
< TrE(x s)~Py o [@FRM (%) — 8][PFrm(X) — s|H.

To clarify further, the testing error in the last line (evaluated at
the true distribution Py ) of the learned estimator ¢fgy may
be (much) larger than the optimal error in the first two lines,
although @pgy, has the smallest training error (evaluated at the
nominal distribution I@’x’s), ie.,

m¢i)n Tr E(X,S)N@x‘s [P(x) — s][op(x) — S}H

= ming Tr 53,21 [¢(w:) - sillp(@) - sil"
=Tr % EiL:1[¢ERM(wi) — 8] [Pgrm(xi) — s3]
<Tr % i [d* () — sil[@* () — 5]

(72)

(73)
In the terminologies of machine learning, the difference be-
tween the testing error and the training error, i.e.,

TrE(x s)~Py [PErM (%) — S][PErm (%) — S]H_
Tr E(X}S)Nﬁ»x,s [PErM(X) — 8][PErM (%) — S}H
= Tr Ex s[®frm (%) — s][@Frm(X) — S]H_

1 L
Tr 7D lbiru(@:) = 5il[$ru(@i) — )"

is called the generalization error of @fr,; the difference
between the testing error and the optimal error, i.e.,

Tr Ex,s[dfrm(X) — s][@prm (%) — S]H_
TrEx s[¢* (%) — s][¢* (x) — 5]

is called the excess risk of ¢ggy,. In machine learning practice,
we want to reduce both the generalization error and the excess
risk. Most attention in the literature has been particularly paid
to reducing generalization errors. Specifically, an upper bound
of the true cost TrE(x g)~p, . [P(x) — s][d(x) — s]t is first
found and then minimize the upper bound: by minimizing the
upper bound, the true cost can also be reduced.

Fact 1: Suppose that the true distribution P x s of (x,s) is
included in Uy s; for notational clarity, we hereafter distinguish
Pox,s from Py . The true objective function evaluated at
]P)O,X,S’ i.e.,

Tr B (x,5)py ... [0(X) — s][@(x) — 8], Vo € B,

is upper bounded by the worst-case objective function of (17)),
ie.,

L max TrE g, [o(x)—s][¢(x)-s]", Vo€ B. (75)

(74)

Therefore, by diminishing the upper bound in (73), the true
estimation error evaluated at Py« can also be reduced.
However, the conventional empirical estimation error evaluated

at Py ¢ cannot upper bound the true estimation error (74).
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This performance guarantee is the benefit of considering
the distributionally robust method (I7). Due to the weak
convergence property of the empirical distribution to the true
data-generating distribution, that is, d(P x s, IAP’xys) — 0 as
the sample size L — oo, there exists € in @ for every L,
such that [P x ¢ is included in Uy ¢ in ]P’gyx,s-probability (L-
fold product measure of Py x ¢). O

B. Non-Stationary Channel Statistics

In the main body of the article (see also Fact [I), we
assume that the true data-generating distribution Pg x s is time-
invariant within a frame. In real-world operations, however,
this assumption might be untenable.

As shown in Fig. [I] the frame contains eight data units; we
suppose that the first four units are pilot symbols and the rest
four units are communication-data symbols.

| A Frame N

[ g .

| T tl T tl T tl T | » Time
to 2 4 6 t8

Fig. 1. True data-generating distributions might be time-varying in a frame.

Let Py« s,; denote the true data-generating distribution at
time point ¢; where ¢ = 1,2,...,8. Specifically, we have
(xi,8;) ~ Py x s, for every i. Therefore, the pilot data set (i.e.,
the training data set) {(x1,s1), (x2,82), (23, S3), (T4, 84)}
can be seen as realizations of the mean distribution
Pirain,0,x,s Of underlying true training-data distributions where
Pirain,0,x,s = Zle hilPo x,s,i» Which is a mixture distribution
with mixing weights 0 < hy,ho, hs,hy < 15 330 hy = 1.
Similarly, the communication data set (i.e., the testing data set)
{(xs, s5), (x6, S6), (7, 87), (s, Sg)} can be seen as realiza-
tions of the mean P o x,s Of the underlying true testing-data
distributions where Piegi0,x,s = 2825 hiPo x,s,i» With mixing
weights 0 < hs, hg, h7,hg < 1; Zi:5 h; = 1.

Suppose that

d(]}plrain,x,s; IP)train,O,x,s) S €1,

~ 4 . . .
where Pain x,s = izz'ﬂ 6(%31.) is the data-driven estimate
of IP)train70,x,s and

d(]P)train,O,x,sa IP)lest,O,x,s) < €2,
for some €1, €5 > 0. We have the uncertainty quantification
d(Plest,O,x,S7 IEDtrain,x,s) <€:=¢€1 + €.

Therefore, the distributionally robust modeling and solution
framework is still valid to hedge against the distributional
uncertainty in the nominal distribution I@’traimx,s compared to
the underlying true distribution P 0 x,s. When Piaino,x,s =
Prest,0,x,s» as assumed in the main body of the article, we have
€1 — 0 and € = e2 = 0 as the pilot size tends to infinity;
however, when Pyin0.x,s 7 Prest,0,x,s> the radius € — ez # 0
although ¢; — 0.

Another justification for the DRO method is as follows.
Suppose that there exists ¢ > 0 such that

d(IPO.,x,s,ia IAP)lralin,x,s) < €, Vi € {1, 2, Ceey 8}

It means that, at every snapshot in the frame, the true data-
generating distribution is included in the uncertainty set.
Hence, the DRO cost can still upper bound the true cost even
though the true distribution is time-varying; cf. Fact[l]

APPENDIX D
ADDITIONAL DISCUSSIONS ON DISTRIBUTIONALLY
ROBUST ESTIMATION

To develop this article, the typical minimum mean-squared
error (MSE) criterion is employed; see (7) and (10). Accord-
ingly, the distributionally robust receive combining framework
in this article is exemplified using the MSE cost function. The
cost function for wireless signal estimation, however, can be
any Borel-measurable function h : CM x CM — R,. As a
result, the optimal estimation problem under the distribution
Py s is given by

min
PEBN _ oM

Ex sho(x),s]. (76)
Specific examples of h in wireless communications can be,
e.g., mean absolute error, Huber’s cost function [37]], [38]]
where h is no longer quadratic as in and (10). Accord-
ingly, when the distributional uncertainty exists in Py g, the
distributionally robust receive combining framework becomes
¢€BI$11$11CM nglea&(“ Ex sh[¢(x),s]. a7
Problem is generally challenging to solve because it is an
infinite-dimensional program. Therefore, in practice, we can
limit the feasible region of ¢ to a parameterized subspace of
Ben _cm, for example, a reproducing kernel Hilbert space
H or a neural network function space /C; see Section
Consequently, Problem is approximated by the following
finite-dimensional (in terms of W) program

min max Exh[opw(x),s], (78)

W Py sE€Ux s
where W parameterizes ¢ and lies in real or complex coordi-
nate spaces; note that both 7{ and K can be dense in 5. Under
the MSE cost function, is particularized in (I9) for linear
function spaces, in (57) for reproducing kernel Hilbert spaces,
and in for neural network function spaces, which build
this article in a technically tractable manner.

The distributionally robust receive combining problem
under generic cost functions h and generic feasible regions
of ¢ can be technically challenging. Even for the simplified
problem (78), the solution method can be quite complex, and
closed-form solutions cannot be generally guaranteed; see,
e.g., [39], [40]. The complication further arises when the
distributional uncertainty sets Ux s for Py ¢ are complicated;
see, e.g., [32]. Therefore, this article serves as the starting
point of distributionally robust receive combining, in which
closed-form solutions are largely ensured by leveraging

F1) the MSE cost function as in (7) and (I0);

F2) the linear function spaces as in (I9) and reproducing

kernel Hilbert spaces as in (37));
F3) the second-moment-based uncertainty sets in Defini-

tions and [} see also Corollary [T} Claim 2} and
Example [
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Note that even under the features F1) and F2), the closed-
form solutions cannot be guaranteed. For example, if Wasser-
stein or F-norm uncertainty sets are used, the associated
distributionally robust receive combining problems can be
computationally heavy; see @7) and (52) as well as Proposi-
tions [T] and 2] However, for emerging high-performance com-
puting devices, the computational burden may be no longer
an issue in the future. Hence, advanced distributionally robust
receive combining formulations based on and are
still attractive for future-generation communication systems.
This article seeks to provide a foundation for this direction.

APPENDIX E
PROOF OF LEMMA[I]

Proof: The objective function of Problem equals to

whw —wH R, R,
SR R I
where (A,B) = Tr A"B for two matrices A and B.
Therefore, the objective function of is convex in W and
linear (thus concave) in the matrix variable R. Hence, due to
Sion’s minimax theorem [41, Corollary 3.3], Problem @]) is
equivalent to

maxmin Tr [WR,W" - WR,, — R W" + R, ]
R W

S.t. do(R, R) < €p,
R > 0.

Iy

(80)

Note that the feasible region of R is compact convex, and that
of W (i.e., CM*N) is convex.

For every given R, the inner minimization sub-problem of

(B0) is solved by the Wiener beamformer Wy, = R R,

iener

which transforms (B0) to (ZI). This completes the proof. O

APPENDIX F
PROOF OF THEOREMI]

Proof: Consider the following optimization problem
max Tr [ ~RNURI'R,. + RS]
st. R> Ry,
R, >0,

which, due to Lemmam, is equivalent [in the sense of the same
optimal objective value and maximizer(s) R*] to

. wHw  —wH R, R.,
W RS | RY. R,

81

-W Iy
S.t. R > R,,
R, > 0.
H H (82)
Note that w'w -w > 0, because for all x € cN
-W Iy
and y € C*, we have
wHw —wH x
H . H 2
= — > 0.
o | Y T = we i

Therefore, for every given W, the objective function of
is increasing in R. As a result, the objective value of is
lower-bounded at R5: To be specific, VR > Ry, we have

Tr[-RY,R,'"R.,s+R,] > Tr [~ R} . ,R; 1Ry . + R ],

ie., fi(R) > f1(Ry), which proves the first part.
On the other hand, if R;, = Ry, > 0, we have
Q_i > Rl_glg As a result, fo(Ri,) — fo(Ran) =
Tr [RY,(R;, — Ry )R] > 0, completing the proof. [

APPENDIX G
PROOF OF PROPOSITION[3]

Proof: Letting z = p(x), can be rewritten as

min max TrE, Wz —s|[Wz—s]".

(83)
WER2M XL P, s€lUy o

Tantamount to the distributionally robust beamforming prob-
lem (T9), Problem (83) reduces to (58] where

L ;o1 . 1,

RZ = E ;ézéz = Z ;QO(EZ)(P (mz) = ZK 5
1< 1< 1

» _ T _ _ T

Rj - Z ;élél - Z ;‘P(wl) S; = —-KS )

and

K = [p()), p(2,), - .., p(z;)] € RF*E.

The rest claims are due to Lemma [I} NB: K is invertible. (]
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